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ABSTRACT
COLD PLATE DESIGNS FOR LITHIUM ION BATTERY STACK OF AN
ELECTRIC VEHICLE
Sandeep Samineni, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2015
Pradip Majumdar, Director
The demands for electric battery storage are increasing for greater use in electric
vehicles and for greater energy storage needs for alternative energy sources and electric grid
systems. The automobile industries account for a significant percent of the total fuel
consumption in the US. The necessity for reducing fuel consumption and emissions led to the
development of the electric vehicles including hybrid electric and plug-in electric, which uses
a drive system consisting of electric battery storage, electric motors and regenerative braking
system.
Previous experimental and simulation studies at NIU indicate that at higher discharge
and charge rates the battery performance decreases due to increased polarization losses,
which results in increased internal heat generation and temperature raise of the lithium-ion
battery. Temperature variation greatly affects the performance and capacity of the battery.
Beyond certain temperature level thermal runaway will occur and thus increases temperature
uncontrollably, causing serious safety problems. Thermal run-away is even more critical for
automobile applications which involve very high discharge and charge rates during driving
and fast charging conditions. An enhanced battery cooling scheme is required to achieve
optimum battery performance. The objective of this study is to develop cold plate designs for
thermal heat management of Li-ion battery stack of an electric vehicle for enhanced
performance subjected to electric vehicle discharge rates associated with the driving

conditions and high rates for fast charging of the battery. A computer simulation model based
on coupling a battery model that takes into account of the electrochemical kinetics and heat
generation with a CFD model for conjugate heat transfer and flow dynamics will be used to
investigate the electrochemical and thermal behavior of the battery under a variety of load
conditions associated with vehicle load cycles. A number of different cold plate designs have
been analyzed to meet the thermal management requirements of the battery stack for
enhanced battery performance required in an electric vehicle.
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CHAPTER 1 INTRODUCTION
1.1 Motivation
Automobiles have been part of human life since their invention. Nowadays most
automobiles are conventional. But first invented automobiles are based on electricity. With
the invention of rechargeable electric battery in 1859 and significant increase in capacity of
battery by 1881 made them first choice for transportation [1,2]. Their usage gradually
decreased with discovery of oil, invention of otto, diesel cycles made conventional vehicle
cheaper to ride for long distances, on the other hand electric vehicles are slow and limited
range. Again in 21st century, with the concern of decrease in oil reserves and increasing
pollution, there is worldwide effort to new developments in automobiles based on renewable
energy sources.
Battery electric vehicles are one of the technologies showing promise as a long term
replacement to existing conventional vehicles. As the name suggests battery electric vehicles
use battery storage system as the energy source to run the vehicle. In a battery storage system,
batteries will be arranged in series and parallel to meet the energy requirements of vehicle[3].
Lithium ion batteries are one of the most widely used batteries in storage systems because of
their high specific capacity[4]. Even though lithium ion batteries are the most advanced
batteries still there are some constrains in designing an energy storage which can produce
high electric range. Compact size of the electric vehicles and unable to utilize all the stored
capacity are the two major constrains.
Heat generation within a battery greatly decreases the total usable capacity of the
battery, by forcing battery to reach the upper and lower cut-off voltage quickly. Heat
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generation will also cause thermal runaway[5]. There have been incidents involving
commercial electric vehicles like Zotye M300 EV, Chevrolet Volt, Fisker Karma. Major
reasons being thermal runaway and faulty cooling systems like coolant leakage[6,7].
Active cooling is one of the techniques developed to control the battery temperature.
Active cooling system draws the power required to run coolant from the battery storage
system so apart from avoiding thermal runaway, a cooling systems pumping power
requirements should be less than the power recovered by using it[8]. Fast charging of battery
stack is also an important concern. If fast charging can be achievable then limited range is
also acceptable for consumers since they can recharge battery stack just like refueling
conventional vehicles. Objective of this study is to design an active cooling system which
could increase the usable capacity of the battery as well as battery life thus making battery
electric vehicles more competitive.
1.2 Literature Review
Ismail [9] et al. used the hypothesis developed by Newman [18] and developed a
simplified thermal model for

battery stack used in electric vehicle.

Song et al. [10] have done thermo electrochemical study of

battery on the

heat affects and concluded that under 1C discharge and charge both endothermic and
exothermic reaction will present. But increase in C rate will result in only exothermic
reaction during both charging and discharge.
Sakti et al. [11] have validated the accuracy of the electrochemical model used in
battery design studio computer code. They evaluated through testing spiral wounded
electrochemical cell using battery design studio and experimentally validated with model.
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Spotnitz et al. [12] validated battery simulation tool in Star CCM+ by comparing it
with experimental results obtained on pouch type of cell. In this paper they explained physics
model used in battery design studio code.
Haran et al. [13] have estimated capacity fade through discharging Sony US 18650 at
1C, 2C and 3C rate for 300 cycles. They concluded that internal resistance is the important
factor in capacity fade during high C rate discharge. It has more impact on carbon electrode
material.
Arendas [14] evaluated experimentally battery performance considering different
discharge and charge rates in the ranger of 0.5-4.0 C, and investigated the thermal runaway
effect of the batteries under a variety of thermal environmental conditions. An operating
temperature range of

C-

C is found to be effective for sustaining the performance of

Chatterjee [15] tested

battery experimentally under different environmental

the battery tested.

conditions and different C- rates and evaluated battery performance operating capacity and
efficiency for cyclic charge – discharge operations.
Bidwai [16] developed a 2D simulation model of a battery with

as cathode.

This model predicts heat generation with in battery and concluded that at low C – rates
irreversible heat becomes endothermic. This study presented the thermal management
requirements of the battery for operation at high constant C-Rates.
Subhedar [3] designed an energy storage system for locomotive by considering peak
regenerative breaking energy and explained mechanism to design a load cycle and energy.
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Baggu [17] has developed a cooling system for single cell of a battery stack using
single serpentine channel and decreased temperatures of battery at low C- rates.
Jarrett [8] performed single objective design optimization and multi objective design
optimization on the cooling plates with serpentine channels single inlet and outlet by
considering average temperature and pressure drop as the objectives. Based on the numerical
model results, he predicted the optimum designs for each objective and presented results in
CFD as well.
Newman et al. [18] introduced a polarization variable Y (Conductance) in their paper
and expressed Y in terms of current density and voltage. Y is used widely in finding the heat
generation within a battery. Gu et al. [19] expressed Y in terms of depth of discharge of
battery and explained procedure to find experimentally.
Kim et al. [20] validated experimentally that the discharge curves found on lower
capacity batteries can be used in predicting the heat generation of a high capacity battery,
provided the materials and composition of both batteries is same. They also concluded that
the temperature gradient is higher near the tabs.
Majumdar et al [21] developed bipolar plates with serpentine channels having square
and curvilinear bends, concluded that the curvilinear bends are exhibiting lower pressure drop
than square bends.
Zhang et al. [22] investigated cooling techniques on fuel cells by using the serpentine
type channels and in their critical review suggested that because of high pressure drop in
serpentine channels, well developed parallel channels could be a good replacement.
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1.3 Scope of Work
The goal of this study is to develop cold plates for thermal heat managements of
Lithium ion battery stack of an electric vehicle for enhanced performance. Cold plate
performance will be tested with discharge conditions related to practical driving conditions
and high rates of fast charging of battery. This study also includes procedure to find out
practical load cycle related actual driving speeds. This study also includes developing battery
energy storage system for an electric vehicle and also includes study of space requirements
based on battery capacity.
A computer simulation model developed based on coupling a battery model with a
CFD model used to investigate the electrochemical and thermal behavior of the battery under
a variety of load conditions associated with vehicle load cycles. Battery model includes
electrochemical kinetics and heat generation within battery. Battery design studio has been
used to develop battery model based on practical

battery on which experimental

work previously conducted at NIU. Star CCM+ has been used to develop CFD model that
includes conjugate heat transfer and flow dynamics of coolant[17]. Computer simulation
analysis model showed strong voltage dependence on temperature, thus enabling cooling
means using cold plate designs helps to find increase in battery capacity utilization and also
on deciding optimum cold plate design. This model gives good insight into various cold plate
design parameters which control conjugate heat transfer, and temperature distribution within
battery and pumping power requirements.

CHAPTER 2 FUNDAMENTALS
In this chapter batteries, lithium ion batteries and thermal management fundamental
concepts will be explained. These concepts will help in better understanding results presented
in this thesis. This chapter is divided into three sections.
2.1 Battery [4]
Battery is an electrochemical cell which converts chemical energy to electric energy.
Electric energy cannot be stored by itself, so battery is used as a chemical device to produce
electricity. A battery contains a positive electrode (cathode), a negative electrode (anode) and
an electrolyte separating anode and cathode. An electrolyte works as an insulator to electrons
and allows only ions to pass through, thus avoiding internal short circuit.
2.1.1 Basic Operations of Battery [4, 23]
Charging and discharging are two basic operations of a battery. In both operations
half-cell reactions take place at both electrodes. These half-cell reactions are initiated by
potential difference between electrodes. During discharge, the anode or lower potential
electrode, which contains excess electrons, will undergo oxidation by losing electrons.
Electrons will travel through external circuit and reach cathode thus causing reduction
reaction at the cathode. To complete the circuit anions from the cathode will travel through
electrolyte to the anode. While travelling through external circuit electrons will complete
necessary useful work. During charging exactly the opposite phenomena will occur. A
charger strips electrons from the cathode through an oxidation reaction and drives them
through external circuit into anode thus creating a reduction reaction. So during charging,
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anode becomes cathode and cathode becomes anode. Charging and discharge operations are
shown in figure 2.1.

Figure 2.1 (a) Charging (b) Discharging operations of battery [23]
2.1.2 Types of Batteries [23]
Batteries are classified into primary batteries and secondary batteries. Primary
batteries can be discharged only once and never be charged. Discharge will last until active
material in the anode is exhausted whereas secondary batteries can be charged and discharged
until the battery ages. In secondary batteries, electrochemical reactions are reversible and
during charging, electrical energy inserted into the battery and reconstructs electrodes. This
study is based on rechargeable or secondary batteries.
2.1.3 Battery Terminology [4]
Battery terminology is very important in understanding battery concepts. In this
section, definitions of technical terms used in this study will be discussed.
Voltage of a battery is potential difference between two electrodes. Potential of an individual
electrode depends on active material used in electrodes and half-cell reactions of the battery.
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Open circuit voltage is the voltage of the battery when it is not connected to an external load.
Cut off voltage of battery is the safe operating limits of the battery. Usually these values are
specified by the manufacturer. The battery used in this study has an open circuit voltage of
4.2V, Lower cutoff voltage of 2.4V and average voltage of 3.4V.
Active material is the one reacts in electro chemical reactions, and an electrode contains
active material. Capacity of battery is defined as the amount of electric energy stored inside a
battery. Capacity of the battery is directly proportional to the active material of battery.
Capacity of battery is expressed in terms of Ah.
State of charge and Depth of discharge are fractions used to measure the available capacity
for further discharge and the capacity already discharged, respectively[4].
C-rate is the discharge rate or charge rate expressed in terms of rated specifications of
battery. For example, if the rated capacity and voltage of a battery are 10 Ah and 3.4 V, then
a 1 C-rate means a battery can deliver 10 A of current for 1 hour until it is completely
discharged.[3]
Load cycle specifies the amount of electric energy delivered or received during battery
operation. Control condition can be expressed as current, current density or voltage whereas
end condition will only take voltage or time. In this study the current is used as control
condition and time is used as an end condition. [24]
2.1.4 Losses in a Battery [4]
Losses or polarization of a battery can be seen on voltage curve of a battery both
during charging and discharging. Because of losses, the voltage of a battery is lower than
open circuit voltage. These losses are mainly comprised of activation loss, ohmic loss, and
concentration loss. Activation loss is the sudden drop in voltage that initiates electrochemical
reaction [16]. This is caused by the kinetic limitation of charge transfer. Ohmic loss is the
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voltage drop due to the internal resistance of battery and is measured using ohms law.
Internal resistance of battery is the sum of resistances in current collectors, electrodes, and
electrolyte. Concentration loss is due slow diffusion through bulk electrolyte. It can be seen at
end of discharge mainly at high current densities [16]. It depends on the thickness and
porosity of the electrode. The voltage drop due to these losses is directly proportional to rise
in battery temperature[23].
2.2 Lithium Ion Batteries[4]
Nowadays, lithium ion batteries can be found in every major electronic device such as
automobiles, laptops and cell phones. A lithium ion battery is a battery, in which either
electrodes or at least one electrode is made by the lithium and its composites, mainly negative
electrode. Lithium is the lightest metal and it has a specific capacity of 3.86 Ah/g. [4]. No
memory effect observed in li-ion batteries and lasts longer compared to other secondary
batteries[25]. Unlike primary batteries, lithium ion batteries follow intercalation mechanism.
Lithium ion battery electrodes matrix will look like as shown in figure 2.2. In this study
lithiated graphite will be used as anode, Lithium iron phosphate will be used as cathode and
electrolyte is a mixture of ethylene carbonate and ethyl methyl carbonate in 1:2 ratio, with
lithium hexaflorophosphate salt as conductive aid[17].
Chemical reactions of the battery are shown below[15]:
Reactions during discharge:
At the negative electrode (i.e. at anode)
Discharge
(2.1)
And
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At the positive electrode (i.e. at cathode)
Discharge
(2.2)
Reactions during charging
At the negative electrode (i.e. at anode)
Charging
(2.3)
And
At the positive electrode (i.e. at cathode)
Charging
(2.4)

Figure 2.2 Schematic view of lithium ion battery [25]
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2.3 Thermal Management[23,5]
Temperature and voltage are the two driving factors, which can initiate and effect the
chemical reactions of a battery. Temperature of a battery increases the reaction rate
exponentially, as per Arrhenius law. This study concentrates on designing an active cooling
system for batteries. So to better understand the need of a cooling system first the temperature
effects on a battery should be known.
2.3.1 Temperature Effects on Battery[5]
Chemical reactions are temperature dependent so the battery temperature is an
important parameter, it should be maintained within the optimum limits. Operating battery at
higher temperatures will reduce its capacity. This phenomena won't occur immediately but
gradually decreases the reusability of a battery. It is called as the capacity fade. Because of
capacity fade battery ages quickly. Self discharge phenomena is usually lower in lithium ion
batteries compared with other secondary batteries but storing lithium ion batteries at high
temperature will increases the self discharge. From Arrhenius law, at low temperatures the
reaction rate is slow. So if high currents need to be drawn at these conditions then it increases
internal resistance of the battery. Internal resistance increases the capacity fade[13]. If higher
currents are drawn at high temperatures then the reaction rate will also becomes greater,
which generates more heat than drawing lower currents at the same temperature[8]. If the
temperature of a battery has increased beyond

, then the thermal runaway phenomena

will occur inside the battery. Because of the thermal runaway, batteries will fail, sometimes
may explode. Which is very dangerous for electric vehicles. If the battery temperature is not
uniform, then active material will be exhausted quickly at the hot spots causing mass
imbalance.
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2.3.2 Cold Plates[8]
Active cooling technique can be achieved by using a cold plate. Cold plate is a metal
plate, usually whose size is same as the battery. Flow channels geometry will be stamped on
to the cold plate, through which coolant flows. Heat transfer take place between the battery to
cold plate then this heat will be carried out by the coolant to a heat sink. Different standard
flow geometries are available depending on the requirements. Most preferably serpentine
channel geometry, which is efficient in maintaining the uniform battery temperature, but the
pressure drop is going to be higher[22]. Pressure drop eventually increases the pumping
power requirements. Parallel channel system is another flow geometry which needs low
pumping power but it is difficult to maintain uniform temperature using this geometry. There
has been lot of investigations done using the serpentine channels but parallel channel system
is not well developed[22]. Focus of this study is to develop the cold plate designs with
parallel flow channel geometry to achieve the objective, maintaining uniform battery
temperature and low pressure drop.

CHAPTER 3 PHYSICS, ENERGY STORAGE SYSTEM, LOAD CYCLE ANALYSIS
This chapter deals with physics used to define heat generation mechanisms within a
battery and designing an energy storage systems, and load cycle for electric vehicles. This
chapter is divided into four major sections dealing with physics, computational module,
energy storage systems and load cycle analysis respectively.
3.1 Physics
3.1.1 Electrochemical Model:
Electrochemical model describes procedures to calculate heat generation within a
battery. Heat generation within a battery is directly resulted from polarization losses[23]. In
this study, NTG models are used to calculate heat generation.
3.1.1.1 Description of NTG (Newman, Tiedemann, Gu) model [24]
Newman et al [18] introduced cell polarization variable Y takes account of
polarization losses in electrodes, electrolyte and separator. [18] expressed current density in
terms of polarization variable and voltage of cell as shown in equation (3.1).
J=Y(
= Voltage of positive electrode,

(3.1)
= Voltage of negative electrode

Gu et al [19] expressed Y, U in terms of depth of discharge (DOD) using
experimental data. “U is the intercept of the voltage – current curve and Y is the inverse of
the slope of the voltage – current curve”.[19]
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U = a0 + a1 DOD +a2

+a3

(3.2)

Y=

(3.3)

In this study experimental data developed by Chatterjee [15] was used to develop
curve fitting equations. Cold plate in this study is also developed considering the same
battery used by [15], to compare simulation results with experimental ones. Curve fitting
equations of U and Y are shown in equation (3.4), (3.5).
U = 4.183 -2.82 DOD +7.565
+23.966

-9.122

-6.73

-14.021

(3.4)

Y=
-17.44

+1.0974

+-.026

(DOD, J) = + U

DOD =

,

J=

(3.5)

(3.6)

(3.7)

Kim et al [20] experimentally concluded that curve fitting equations of small, low
capacity batteries can be used for bigger, high capacity batteries. Since high capacity
batteries are expensive and experimental studies need more time, smaller batteries can be
used for curve fitting purposes. To include temperature effect on voltage and battery
chemistry, Spotnitz et al [12] added the Arrhenius term to battery polarization variable.
Activation energy and reaction rate dependency on temperature will be taken into account
through the Arrhenius term. The modified equation of Y is shown in equation (3.8).

Y=

(3.8)
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Q =A * (U-

)

(3.9)

Whereas [24]
A Electrode area, m2
DoD Depth of discharge (fraction)
I Current, A
J Current density, A/m2
= Theoretical capacity per unit area (Ah/m2)
Q Electrode polarization Heat generation, W
T Temperature, K
Y conductance (s/
Vcell Working cell voltage, Volts
U equilibrium voltage [V]
Tref reference temperature [K]
Vcell Working cell voltage, Volts

3.1.2 Thermal Model [12]
A simplified way of thermal modelling is represented in equation (3.10). q is the heat
generated within battery calculated using NTG models.

(3.10)
“ρ is the density (kg/m3), Cp the volume averaged specific heat capacity (J/kg.K), kx, ky and
kz are the effective thermal conductivity along the x, y and z directions respectively
(W/m.K)”.[12]
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3.1.3 Cold Plate Physics [26]
Conjugate heat transfer will take place between the cold plate and battery. Convection
heat transfer takes place between the plate and coolant as well as the battery and coolant.
Conduction heat transfer takes place between cold plate and battery[8]. Heat generated within
the battery is lost to the cold plate thus controlling reaction rate and temperature of battery.
Energy equations for conduction and convection are defined in (3.11), (3.12).
Conduction heat transfer:

(3.11)

Convection heat transfer:

(3.12)

There was no slip boundary condition between solid and fluid interface. "Velocity of the fluid
boundary layer is the same as solid at the interface".[26]
Conservation of mass is used to find out mass flow rate and conservation of momentum is
used for finding velocity and pressure fields in the fluid domain.
Conservation of mass equation:

(3.13)

Conservation of momentum:
x momentum
(3.14(a))
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y momentum
(3.14(b))

z momentum
(3.14(c))

3.2 Computational Module Description [24]
This section deals with commercial CFD software used in this study and explains
about mesh and physics models. In this study, computer simulation models are developed
using Battery Design Studio and STAR-CCM+. The computational module allows users to
simulate an unlimited number of times thus decreasing cost of study.
3.2.1 Battery Design Studio [24]
Battery Design Studio is used to create battery and load cycle files which can be
uploaded to STAR-CCM+. Battery file is formatted as Text Battery Module file or .tbm file
contains properties, dimensions and electrochemical behavior of the battery. It also includes
fitting parameters discussed in section 3.1. Load cycle is formatted as program file or .prg
file. It is a formatted text file which contains details about “battery charging, discharging and
resting”. .prg file is shown in figure 3.1. It can specify current, voltage, power and resistance
as control condition, but supports only time as an end condition. This drawback disables users
to stop simulation even after voltage has gone beyond cut-off voltage.
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Figure 3.1 Program file (.prg file) [24]
3.2.2 STAR-CCM+ [24]
STAR-CCM+ has a battery simulation module used to simulate batteries and allows
coupling of the battery with the cooling system. So in one code we can assess
electrochemical, thermal and flow behavior of the battery and cooling system [12].
3.2.2.1 Physics model [24]
Physics models used in defining battery, fluid and cold plate are shown in table 3.1,
3.2, 3.3 respectively. Segregated models are used to solve flow domain and solves velocity
and pressure equations. In the segregated approach, flow equations are solved one after the
other. The segregated approach is useful for incompressible flows which take less
computational time compared to coupled approach. Segregated fluid temperature is used for
solving energy in the fluid region. Segregated solid energy is used for solving energy
equations in the battery and cold plate. Implicit unsteady model is used for time, because of
the transient nature of the problem. It should be selected to work with the battery model.
Flow is selected as turbulent flow. K- Epsilon turbulence model is used as it takes less
computational cost and generates accurate results [24].
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Table 3.1 Battery physics[24]
Time
Space
Material
Model
Energy
Equation of state

Implicit Unsteady
Three dimensional
Solid
Battery
Segregated Solid Energy
Constant Density

Table 3.2 Fluid physics
Time
Space
Material
Flow
Equation of State
Viscous Regime
Turbulence
Reynolds averaged Turbulence
Inlet condition
Inlet speed

Implicit unsteady
Three Dimensional
Water
Segregated flow
Constant density
Turbulent
Reynolds averaged Navier Strokes
K- Epsilon Turbulence
Velocity Inlet
1 m/s

Table 3.3 Cold plate physics
Time
Space
Material
Energy
Equation of state

Implicit Unsteady
Three Dimensional
Solid (Aluminum)
Segregated Solid Energy
Constant Density

3.2.2.2 Mesh model [24]
STAR CCM+ creates electric mesh and thermal mesh. Electric mesh is used by the
electric solver to calculate voltage, current and heat generation within the battery. Thermal
mesh is created using a dedicated battery mesher and the thermal solver uses thermal mesh to
calculate temperature of the battery. Electric and thermal solvers run one after the other and
starts with the electric solver. At each time step first the electric solver executes time step and
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then calculates heat generation within the battery. Then the calculated heat is mapped to the
thermal solver to calculate temperature of the battery. These temperatures are mapped back to
the electric solver in calculating voltage and heat generations in the next time step[24]. Cold
plates are created in the external software and are imported into STAR-CCM+. Imported
geometry quality is improved by a surface remesher model and optimizes it for volume mesh
models. Prism layer mesher and trimmer models are used for generating volume mesh. They
give flexibility in solving flow equations at walls by creating “prismatic cells next to wall
surfaces or boundaries” [24].
3.3 Battery Energy Storage System[3]
Major requirements for electric vehicles are long range and should be able to generate
instantaneous speeds for short intervals of time. This section deals with the design of energy
storage systems required to satisfy the power requirements of an electric vehicles to drive 300
miles in single full charge. To estimate the size of energy storage system cars available in the
present market were studied, and the Tesla Model S with 85 KWh battery storage system,
310 KW electric motor can go for 265 miles on a single charge[27,28] was considered as
reference.
In this study, to design an 85 KWh battery energy storage system using the
battery, a procedure developed by Subhedar[3] was adopted. The

battery used in

this study was made by AA Portable Power Corp as Model # PL-9759156-10C. This was the
same battery used by Chatterjee[9] in his experiments to analyze thermal and electrochemical
behavior of the battery. The reason to use the same battery was, to derive NTG models
discussed in the section 3.1, experimental results of the battery were needed[24].
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Energy storage system specifications:
Stack voltage: 380V
Energy stored in battery energy storage system: 85 KWh
And AA Portable Power Corp Model # PL-9759156-10C battery Specifications[3]:
Battery Voltage: 3.4 V
Lower cut-off voltage: 2.4V
Upper cut-off voltage: 4.2V
Battery capacity: 10 Ah
Energy stored in a single battery: 34 Wh
To create the energy storage system, batteries will be arranged into stacks. Individual
battery voltage is low compared to total stack voltage, so a battery pack will give be
created[3].The battery pack gives flexibility in arranging batteries into stacks as well as
posses more strength compared individual battery. In this study a cold plate will be inserted
between two batteries so the battery pack should have an even number of batteries. The
battery pack with four batteries and the cold plate is shown in figure 3.2.
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Figure 3.2 Schematic view of battery pack with cold plates
Battery pack specifications:
Voltage: 13.6 V
Capacity: 10 Ah
Energy stored in a single battery pack: 136 Wh
3.3.1 Energy Storage System Design[3]
In this section stack formation using AA Portable Power Corp Model # PL-975915610C will be discussed. Each battery stack should be at the same voltage of electric motor.
First the number of battery packs needed to attain the voltage of stack was estimated. Then to
meet an 85 KWh large energy storage system, the stacks need to be arranged in parallel
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Calculations:
Voltage required = Voltage of battery pack

No. of battery packs in series

Number of battery packs in series = 28
Energy stored in a single battery pack = 3.8 KWh
Battery storage system energy = Single stack energy

No. of stacks in parallel

Number of stacks in parallel = 22
The total number of battery packs needed to build an 85 KWh battery storage system = 616
Each pack need two cold plates, so the total cold plates required by battery energy
storage system = 1232 and the total batteries in the storage system = 2464. A schematic
arrangement of battery stacks is shown in figure 3.3. Battery, cold plate and battery pack
dimensions are shown in table 3.4.

Figure 3.3 Schematic arrangement of battery stack[3]
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Table 3.4 AA Portable Power Corp Model # PL-9759156-10C battery and pack dimensions

Battery
Cold plate
Tab
Single pack

Length(mm)
153
153
22
175

Width(mm)
90
90
35
90

Depth (mm)
5
1
.003
22

In order to understand how the space requirements change when battery capacity
changes, the Nissan Leaf battery was considered. The Nissan Leaf battery and the pack
specifications as well as the stack formation calculations are shown below. It can be noticed
that Leaf battery capacity is more than the battery used in this study. The Leaf battery and the
pack dimensions are shown in table 3.5. These calculations were made by assuming that the
cold plate designed in this study would be good enough to use in Nissan Leaf battery packs as
well.
Nissan Leaf battery specifications[29]:
Battery voltage : 3.8 V
Rated capacity: 33.1 Ah
Battery pack specifications:
Pack voltage : 15.2 V
Pack capacity: 33.1 Ah
Energy stored in a battery pack: 503.12 Wh
Stack formation calculations[3]:
Voltage required = Voltage of battery pack

No. of battery packs in series
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Number of battery packs in series = 25
Energy stored in a single battery pack = 12.5 KWh
Battery storage system energy = Single stack energy

No. of stacks in parallel

Number of stacks in parallel = 7
The total number of battery packs needed to build an 85 KWh battery storage system = 175
Each pack need two cold plates, so the total cold plates required by battery energy
storage system = 350 and the total batteries in the storage system = 700.
Table 3.5 Nissan Leaf battery and pack dimensions

Battery
Cold plate
Tab
Single pack

Length(mm)
290
290
22
315

Width(mm)
216
216
35
216

Depth (mm)
7.1
1
.003
31

3.3.2 Feasibility Analysis of Battery Stacks
The AA Portable Power Corp Model # PL-9759156-10C battery and Nissan Leaf
battery packs were arranged as shown in figure 3.3, then the space requirements for energy
storage systems are shown in table 3.6. It can noticed that the AA Portable Power Corp
Model # PL-9759156-10C battery storage system occupying less volume than Nissan Leaf
battery storage system, so the battery used in this study can be used in designing a practical
battery energy storage system. The depth of the battery pack is low, so they can be arranged
in layers to make the battery storage system more feasible.
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Table 3.6 Space requirement for stacks

AA Portable Power
Corp Model # PL9759156-10C battery
Nissan leaf battery

Length(ft)
16

Width(ft)
6.5

Depth (ft)
.072

25

5

.101

3.4 Load Cycle Analysis
This section deals with discussions regarding deriving practical load cycle for an
electric vehicle. A practical load cycle is defined as the energy required by an electric motor
to drive an electric vehicle at a certain speed overcoming all opposing forces. The energy that
the electric motor requires from the battery storage system was defined[3] as:
Energy = Speed

Tractive Effort

Time

(3.15)

3.4.1 Tractive Effort [30]
A traction effort is the sum of rolling resistance force, aerodynamic drag, hill
climbing force and accelerating force. Rolling resistance force is defined as the force required
to overcome hysteresis losses in tires and frictional losses in the bearings and gear system. It
is proportional to the weight of the vehicle and can be defined as shown in equation(3.16).
=

(3.16)

= Coefficient of rolling resistance
Aerodynamic drag is due to friction of vehicle body moving through the air. It is a
function of frontal area and shape of the vehicle.[30]
Aerodynamic drag =

= Drag co efficient, A = Frontal area of car,

(3.17)

Density of air , v = Velocity of vehicle
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Hill climbing force is the force needed to drive the vehicle up a slope. It is a
component of vehicle weight acting along the slope. Acceleration force is the
force needed to provide linear acceleration of the electric vehicle.[30]
Accelerating force = m

a

(3.18)

m = Mass of vehicle, a = Acceleration of vehicle
3.4.2 US 06 Load Cycle Design
From the above definitions it can be noticed that the exact data of weight, shape of the
electric vehicle and the road conditions should be known. However it is difficult to find these
manually. Therefore available experimental data was taken "from the Downloadable
Dynamometer Database and was generated at the Advanced Powertrain Research Facility
(APRF) at Argonne National Laboratory under the funding and guidance of the U.S.
Department of Energy (DOE)"[31]. From database, the data obtained by testing the Nissan
Leaf electric vehicle using the US 06 driving cycle is used in this study. The Nissan Leaf is
an entirely electric vehicle. Nissan Leaf contains 192 batteries, arranged into 2 stacks with 96
batteries each.
Nissan Leaf specifications[32]:
Weight = 3750
Energy stored in the storage system: 24 KWh
Range: 100 miles/charge
Voltage of the Stack: 380V
A sample of the data obtained from dynamometer database is shown in figure 3.4.
Columns from left to right represent time step, vehicle speed, tractive effort, current drawn
from the electric vehicle storage system and storage system voltage respectively. From the
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figure it can be noticed data is taken for every .1 seconds. A negative sign in the
HV_Battery_Current column indicates the regenerative breaking energy. 16.1% of energy is
going back to the storage in terms of regenerative braking energy[32]. It can be observed that
the voltage decreases with the discharge and increasing with the regenerative breaking
energy.

Figure 3.4 Actual data obtained from dynamometer database [31]
The US 06 driving schedule/load cycle is developed by the United States
Environmental Protection Agency[33]. The US 06 load cycle has a peak speed of 80 Mph ,
and represents wide variety of vehicle speeds. Since the smallest time step allowed in Battery
Design Studio is 1 second, the data shown above is narrowed down from .1 second to 1
second. The US 06 load cycle in terms of speed, traction energy and current(all plots are
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generated by using the data obtained from dynamometer database) is shown in figures 3.5,3.6
and 3.7 respectively.

Figure 3.5 Speed vs. time plot of the US 06 load cycle[31]

Figure 3.6 Traction energy vs. time plot of the US 06 load cycle [31]

30

Figure 3.7 Current vs. time plot of the US 06 load cycle [31]
The plot shown in figure 3.7 represents a current required by an electric motor to
drive an electric vehicle, not a current drawn out of a single battery. In the Nissan Leaf, there
are two stacks of equal energy in parallel, so the current required by electric motor will be
divided equally between two stacks. The current drawn out of a single stack is equal to the
current drawn out of a single battery. The current drawn out of a single battery and the C-rate
at which the current drawn plots are shown in figure 3.8,3.9 respectively.
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Figure 3.8 Current drawn out of a single battery vs time

Figure 3.9 C - rate vs. time
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This study is designing a storage system of size 85KWh and is way bigger than
24KWh Nissan Leaf battery storage system. Definitely the weight of an 85KWh electric
vehicle will be more than Nissan Leaf, so it's traction energy requirement will be higher. At
the same time the 85KWh storage system will contain higher number of stacks in parallel,
which decreases the current drawn out of a single battery. So based on the above
observations, it is very difficult to design the load cycle for one storage system based on the
another storage system dynamometer testing data. It was decided to use the Nissan Leaf load
cycle in this study because of the following reasons:
1. The Nissan Leaf drive cycle draws significantly higher current than the idle load cycle of
an 85KWh electric vehicle, if the storage system is made with the battery used in this study.
So if the cold plate works fine under a higher load cycle then it will easily sustain lower
currents.
2. The Nissan Leaf load cycle has a wide variety of C- rates from .5C to 12 C during
discharge, and .5C to 5C during charge.
3.4.3 Constant Discharge and Charge Load Cycle
Cold plates are part of an active cooling scheme in which coolant takes out the heat
generated within the battery and maintains uniform temperature within the battery [8, 34].
Batteries used in electric vehicles are often subject to high peaks of discharging and charging
for short intervals. At high C- rates the amount of heat generated within the battery is greater,
so even though these high peaks are for a short period in practical load cycles, to evaluate the
performance of cold plates, a high C- rate charge and discharge load cycle is created. The
battery will be discharged completely at 16C and again charged to full capacity at 16C. Due
to software restrictions, upper and lower cut- off voltages are ignored. Results shown in this
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study are taken after one complete load cycle. Load cycle in terms of current is shown in
figure 3.10.

Figure 3.10 Constant discharge and charge load cycle current

CHAPTER 4 RESULTS & DISCUSSION
This chapter deals with computer simulation results and discussions. A computer
simulation model is developed by coupling a battery designed in Battery Design Studio with
a cold plate in STAR CCM+. This chapter is divided into two sections, one section will have
discussions regarding performance of cold plates under constant discharge and charge load
cycle, whereas the other section will have discussions under US 06 load cycle discussed in
chapter 3.4.
4.1 Cold Plate
Four different cold plates are designed in this study. All plates have the same width
and height as the battery. The depth of all plates is 1 MM. The depth ratio of plate to battery
is 1:5. Depth is a design parameter kept as low as possible to increase the feasibility of an
energy storage system. Geometry of flow channels is another important parameter in
maintaining uniform temperature throughout the battery [35], therefore flow channel
geometry has been varied from plate to plate to find an optimal design. These changes made,
based on simulation results, will be further explained in subsections. The depth of coolant
flow channels is 0.4 MM in all cold plates. One cold plate is used between two batteries, to
keep uniform heat transfer from the batteries, as well as uniform temperature throughout the
battery. Cold plates name followed by the shortcut representation (used in this document as
an alias to cold plate name) are given as below:
1. Symmetric cold plate with 4 channels and 8 sub channels – 4C8S
2. Symmetric cold plate with 4 channels and 12 sub channels – 4C12S
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3. Asymmetric cold plate with 4 channels and 16 sub channels – 4C16S
4. Asymmetric cold plate with 5 channels and 16 sub channels – 5C16S
Contact area is an important design parameter and the heat transfer is directly
proportional to the contact area[36]. Flow Area is the contact area between battery and cold
plate, and convection heat transfer will take place at the flow area. Fluid Contact Area is the
contact area between coolant and cold plate, and convection heat transfer takes place at this
contact area. Land Area is the contact area between battery and cold plate, and conduction
heat transfer takes place at this contact area. Summary of the cold plate parameters are shown
in table 4.1. Dimensions of the cold plates are shown in figure 4.1. In this study the cold plate
flow channel numbering starts from top with channel-1. Contact area representation is shown
in figure 4.2.
Table 4.1 Cold plates summary
Cold plate
name

Number of
channels

Number of
sub
channels

Width
(mm)

Flow area
(

4C8S
4C12S
4C16S
5C16S

4
4
4
5

8
12
16
16

2
2,3
3
3

2008
3010
4437
4685

Flow
contact
area
(
2811
3955
5620
5909

Land area
(

11762
10760
9333
9085
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Figure 4.1 (a) Cold plate 4C8S (b) Cold plate 4C12S (c) Cold plate 4C16S (d) Cold plate
5C16S
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Figure 4.2 Contact area representation
4.2 Battery and Cold Plate Performance under Constant Discharge and Charge Load
Cycle
This section is further divided into six subsections dealing with the performance and
comparisons of the battery without cold plate and using four different cold plates. This
section contains the discussions about finding optimal cold plate design parameters based on
the computer simulations.
4.2.1 Battery without Cold Plate
Dimensions of the battery used in this study are 153 mm × 90 mm × 4.93 mm.
Temperature and heat generation scenes are shown in figure 4.3. Heat generation within
battery is nonsymmetrical, and more heat generation near the tabs region is because of ohmic
heating [20, 24]. Total heat generation is 81543.64 W. Temperature of the battery is increased
to 477 K from initial temperature 300 K. It is way greater than battery safe operating
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temperature. Voltage plot is shown in figure 4.4. Battery reached the cut-off voltage quickly
during both charge and discharge because of the increase in temperature [23].

Figure 4.3 (a) Temperature (b) Heat generation scenes of battery

Figure 4.4 Voltage and state of charge of battery
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4.2.2 Battery with 4C8S Cold Plate
4.2.2.1 Geometry
4C8S Cold Plate has 4 channels and these channels are further divided into eight sub
channels, two for each channel. Channels are divided into Sub channels to increase the
contact area [21]. Dimensions of the cold plate are shown in figure 4.5. From the figure we
can see that all channels are 2 mm wide and symmetrical about center. Outer channels
(Channel-1, 4) are longer than the inner channels, so the contact areas of outer channels are
greater than inner channels. Contact areas of the individual channels are shown in table 4.2.
Land area between the battery and Cold plate is 11762

.

Figure 4.5 Cold plate 4C8S dimensions
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Table 4.2 Cold plate 4C8S contact area
Channel no
1
2
3
4

Flow area(
600
404
404
600

Fluid contact area (
840
565.6
565.6
840

4.2.2.2 Results
Velocity, pressure and temperature scenes of the flow channels are shown in figure
4.6. It can be noticed that the pressure drop in outer channels is greater than inner channels
and it is because of the outer channel's length is greater than inner channel's, which increases
flow losses. Pressure drop in the channels is shown in table 4.3. Velocity of the coolant in
outer sub channel is slow compared to the inner sub channel because in the parallel channel
system flow adjusts itself to maintain pressure drop across inlet and outlet[37]. Temperature
of the outer channels is higher than the inner channels because of greater contact area which
increases heat transfer. Even though channel 1 and channel 4 are operating under the same
conditions, the channel 1 is at a high temperature because of greater heat generation near the
tabs. Top right corner of the channel is at maximum temperature because of slow moving
fluid in outer channels, and the coolant is already absorbed lot of heat while flowing from
inlet to that point.
Table 4.3 Cold plate 4C8S pressure drop
Channel no.
1
2
3
4

Pressure difference (KPA)
15.1
9.1
9.1
15.1
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Figure 4.6 (a) Temperature scene (b) Pressure scene (c) Velocity vector scene (d)
Velocity scalar scene of the cold plate 4C8S flow channels
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Temperature scene of the battery and cold plate is shown in figure 4.7. Cooling effect
of the cold plate restricted battery temperature to just

C compared to

C without

cold plate. We can notice the hot spots on top portion of both cold plate and battery. This is
because of the low flow area of channels. The land area part of the cold plate is more heated
because of high conduction heat transfer.

Figure 4.7 Temperature scene of (a) Battery (b) 4C8S cold plate
Uniform temperature of the battery is another important parameter which must be
verified to estimate cold plate efficiency. To check temperature uniformity of the battery, 8
surface line probes have been created as shown in figure 4.8. As shown, probes are created
along length, breadth and diagonal of the battery. These probes are used again to check the
performance of remaining cold plates in this document as well. These probes are created
mainly based on the observation made in temperature scene of the battery.
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Figure 4.8 Line probes
Horizontal, vertical, diagonal and all probes in single plot are shown in figure 4.94.12. The horizontal line probes temperature is showing

C difference between crest and

trough. Horizontal probes clearly showing how coolant is heated up from inlet to outlet. The
line probe 1, which is close to tabs, is at a high temperature because of the low flow rate and
high heat generation. Vertical probes are more uniform, except the point where line probe 2 is
going through the inlet. Diagonal plots are showing just
distribution of flow for respective heat generation rates.

C variation because of uniform
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Figure 4.9 Temperature along horizontal line probes(4C8S)

Figure 4.10 Temperature along vertical line probes(4C8S)
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Figure 4.11 Temperature along cross-sectional line probes(4C8S)

Figure 4.12 Temperature along all line probes(4C8S)

46
4.2.3 Battery with Cold Plate 4C12S
4.2.3.1 Geometry
Cold plate 4C12S has 4 channels and 12 sub channels. This cold plate is designed
based on cold plate 4C8S results and the changes have been made to address the drawbacks
of 4C8S Cold plate. To increase the heat transfer and reduce pressure drop, number of
channels increased from 8 to 12. This eventually decreases the land area, thus increasing
effective conduction[21]. To distribute the flow equally among sub channels, the width of
outer sub channel is kept greater than inner sub channels[37]. Geometry of the cold plate
4C12S is shown in figure 4.13. Contact areas of the individual channels are shown in table
4.4. Land area between the battery and cold plate is 10760

.

Figure 4.13 Cold plate 4C12S dimensions
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Table 4.4 Cold plate 4C12S contact area
Channel no.
1
2
3
4

Flow area(
989
516
516
989

)

Fluid contact area (
1293.8
684
684
1293.8

)

4.2.3.2 Results
Velocity, pressure and temperature scenes of the cold plate 4C12S flow channels are
shown in figure 4.14. It can be observed that flow is well distributed among the sub channels
compared to cold plate 4C8S. Pressure drop in the channels is shown in table 4.5. It can be
noticed that the increase in number of sub channels has reduced pressure drop. Top right
portion of the channels is still at higher temperature but the magnitude is lower compared to
cold plate 4C8S. Increase in the flow rate and flow area are showing greater cooling effect
under similar operating conditions[35,36].
Table 4.5 Cold plate 4C12S pressure drop
Channel no.
1
2
3
4

Pressure difference (KPA)
13.9
9.4
9.4
13.9
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Figure 4.14 (a) Temperature scene (b) Pressure scene (c) Velocity vector scene (d) Velocity
scalar scene of the cold plate 4C12S flow channels
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Temperature scene of the battery and cold plate are shown in figure 4.15. Even though
temperature of battery is more uniform compared to the cold plate 4C8S, still there are lower
magnitude hot spots on the battery surface. Right half of the battery is at higher temperature
compared to left, because of the non-symmetric heat generation within the battery[20], and
the coolant is already absorbed lot of heat while flowing from inlet to the midsection so
technically inlet temperature of the right half is greater compared with inlet temperature of
the left half.

Figure 4.15 Temperature scenes of (a) Battery (b) 4C12S cold plate
Surface line probes shown in figure 4.8 have been used to check the uniformity of
battery temperature. Horizontal, vertical, diagonal plots and all probes in single plot are
shown in figure 4.16-4.19. When compared to cold plate 4C8S temperature difference
between the crest and tough has decreased by

C. Line probe 1 is at higher temperature

when compared to other line probes, but it has been maintained at constant temperature along
length by the cold plate.
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Figure 4.16 Temperature along horizontal line probes(4C12S)

Figure 4.17 Temperature along vertical line probes(4C12S)
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Figure 4.18 Temperature along cross-sectional line probes(4C12S)

Figure 4.19 Temperature along all line probes(4C12S)
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4.2.4 Battery with Cold Plate 4C16S
4.2.4.1 Geometry
Cold plate 4C16S has 4 channels and 16 sub channels. To increase the cooling effect
changes have been made in cold plate 4C12S design. To increase the heat transfer rate,
number of sub channels have been increased to 16. The width of the channels has been
increased from 2 mm to 3 mm. This change is made to increase the flow area and decrease
pressure drop[21,37]. Heat generation mechanism within the battery is not symmetrical, so
Asymmetric flow channel geometry has been adopted. Flow area has been increased at the
high heat generation regions like near the battery tabs. Geometric scene of the cold plate
4C16S is shown in the figure 4.20. Contact areas of the individual channels are shown in
table 4.6. Land area between the battery and cold plate is 9333

Figure 4.20 Cold plate 4C16S dimensions

.
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Table 4.6 Cold plate 4C16S contact area
Channel no.
1
2
3
4

Flow area(
1320
898.5
886.5
1332

)

Fluid contact area(
1672
1138.1
1122.9
1687.2

)

4.2.4.2 Results
Temperature, velocity and pressure scenes of the cold plate 4C16S flow channels are
shown in the figure 4.21. It can be noticed that the top right section of flow channels is at
higher temperature compared to cold plate 4C12S. This is mainly because of the slow flow
rate in outer sub channels. Unlike cold plate 4C12S, in cold plate 4C16S the width of all
channels is same, and it is the reason for slow moving fluid in outer sub channel[38]. Channel
4 does not have any hot spots, this shows flow rate is in good agreement with the heat
generation. Pressure drop within the channels is shown in table 4.7. Pressure drop has
decreased significantly, which eventually decreases the pumping power requirements as
well[37].
Table 4.7 Cold plate 4C16S pressure drop
Channel no.
1
2
3
4

Pressure difference (KPA)
11.8
7.3
6.4
11.7
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Figure 4.21 (a) Temperature scene (b) Pressure scene (c) Velocity vector scene (d) Velocity
scalar scene of the cold plate 4C16S flow channels
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Temperature scene of the cold plate 4C16S and the battery are shown in the figure
4.22. Temperature of the battery is more uniform but magnitude of the hot spot at top right
region of battery is at higher temperature than the cold plate 4C12S. It is mainly because of
the slow moving fluid in the outer sub channels of channel-1. Based on these results it can be
concluded that the flow rate is an important design parameter, which depends on the flow
channel geometry[35]. Increasing the number of channels has decreased hot spots on the cold
plate, because of decrease in conduction heat transfer.

Figure 4.22 Temperature scene of (a) Battery (b) 4C16S Cold Plate
Horizontal, vertical, cross-sectional and all probes in a single plot are created just like
the way shown in figure 4.8. These plots are shown in figures 4.23 - 4.26. It can be seen that
all probes are between

C to

C except the line probe one. These plots are clearly

showing that the battery temperature is more uniform and at the same time hot spot are
significant. This conclusion and effect will be further explained in voltage comparisons
section.
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Figure 4.23 Temperature along horizontal line probes(4C16S)

Figure 4.24 Temperature along vertical line probes(4C16S)
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Figure 4.25 Temperature along cross-sectional line probes(4C16S)

Figure 4.26 Temperature along all line probes(4C16S)
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4.2.5 Battery with Cold Plate 5C16S
4.2.5.1 Geometry
Cold plate 5C16S has 5 channels and 16 sub channels. This plate is designed mainly
based on the conclusions drawn from the cold plate 4C12S and cold plate 4C16S results.
These results proved that contact area and flow rate are the important design parameters.
Cold plate 4C16S has the ideal flow area but the flow rate near tabs is not effective, so to
increase the flow rate, the channel-1 of cold plate 4C16S has been replaced with two
channels. Unlike other channels, these two channels will have only two sub channels. This
change will increase the pressure drop, which eventually increases the flow rate. Cold plate
5C16S geometry is shown in figure 4.27. It can be noticed that, this plate is designed such a
way more flow area is in contact with the batteries upper half especially near tabs, where heat
generation is more. Contact areas of the individual channels are shown in table 4.8. Land area
between the plate and battery is 9085

.

Table 4.8 Cold plate 5C16S contact area
Channel no.
1
2
3
4
5

Flow area(
858
726
858
891
1352

)

Flow contact area (
1086.8
919.6
1086.8
1128.6
1687.2

)
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Figure 4.27 Cold plate 5C16S dimensions
4.2.5.2 Results
Temperature, velocity and pressure scenes are shown in the figure 4.28. From the
temperature scene it can be observed that, even though geometry and flow area are not
symmetrical, still the temperature distribution of channels is uniform about the horizontal
axis. Flow rate in channels one and two has increased significantly. From these results it can
be concluded that this design is optimized. Flow area, channel width and channel geometry
are in good agreement with the battery heat generation. Pressure drop in the channels is
shown in table 4.9. The total pressure drop is higher than other cold plates.
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Figure 4.28 (a) Temperature scene (b) Pressure scene (c) Velocity vector scene (d) Velocity
scalar scene of the cold plate 5C16S flow channels
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Table 4.9 Cold plate 5C16S pressure drop
Channel no.
1
2
3
4
5

Pressure difference (KPA)
15
13.3
7.6
6.4
11.6

4.2.5.3 Results
Temperature scene of the battery and cold plate are shown in figure 4.29. It can be
observed that, the battery temperature is uniform, except in the region too close to tabs. This
is because of ohmic heat from the tab connectors is transferring back to battery. The ohmic
resistive heat generated within the tab connectors will be higher, even lot higher than the heat
generation within the battery, because the battery was operating under 16C charge and
discharge. In practical cases, batteries won't be charged or discharged at these high rates
continuously. So to evaluate the cold plate performance, battery has been tested using a
practical load cycle, and the results regarding this study will be discussed in next sections.
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Figure 4.29 Temperature scene of (a) Battery (b) 5C16S cold plate
Surface probes were created at the battery and cold plate interface same as shown in
the figure 4.8. Theses plots are shown in figure 4.30-4.33. It can be noticed that all the line
probes are lying between
trough.

C to

C, with

C difference between the crest and
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Figure 4.30 Temperature along horizontal line probes(5C16S)

Figure 4.31 Temperature along vertical line probes(5C16S)
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Figure 4.32 Temperature along cross-sectional line probes(5C16S)

Figure 4.33 Temperature along all line probes(5C16S)
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4.2.6 Battery and Cold Plate Performance Comparisons
This section will have the discussions regarding how voltage, pumping power
requirements, mass flow rate and heat transfer rate are varying with different cold plates.
4.2.6.1 Voltage comparison
Figure 4.34 shows, how the battery voltage is varying without cold plate and while
using different cold plates. It can be observed, without the cold plate, battery is reaching
lower and upper cut-off voltage quickly. This will decrease the usable capacity of the battery
during discharge as well as the amount of energy stored during the charge[5]. Battery
efficiency during the 16C discharge is shown in the figure 4.35. It can be seen that the battery
efficiency has increased significantly. Clearly Cold plate 5C16S is the best performer. Even
though battery temperature is more uniform while using the cold plate 4C16S , still battery
efficiency is higher with cold plate 4C12S than cold plate 4C16S. From these results, it can
be concluded that the hot spots are affecting the battery performance significantly[38]. This
phenomena can also be seen in the plot, drawn by explicitly subtracting the voltage of
battery while using cold plate 5C16S from the voltage of battery using other plates is shown
in figure 4.36.
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Figure 4.34 Voltage comparison

Figure 4.35 Battery efficiency
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Figure 4.36 Difference in voltage of the battery with cold plate 5C16S from the battery
voltage with remaining cold plates
4.2.6.2 Contact area and heat transfer comparison
Contact area and heat transfer rates of the different cold plates compared in figure
4.37. It can be noticed that, heat transfer rate has increased with the increase in flow area.
Flow rate significance can be observed by comparing the cold plate 4C16S and cold plate
4C12S. Even though cold plate 4C16S has higher contact area than the cold plate 4C12S,
increase in heat transfer rate is more but not as significant as it should be, because of the low
flow rate. At the same time, a higher increase in the heat transfer rate has been achieved with
the small increase in the contact area by cold plate 5C16S, because of the well distributed
flow rate.
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Figure 4.37 (a) Contact area (b) Heat transfer comparison
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4.2.6.3 Pressure drop, pumping power and mass flow rate comparison
Pressure drop and pumping power or motor power requirements of the cold plates are
shown in figure 4.38. From figure it can be noticed that, among the cold plates, 4C16S has
the low pressure drop. Pumping power requirements are lower for cold plate 4C8S, because
the width of channels is 2 mm. Cold plate 5C16S is showing better results, but the pumping
power requirements are more compared to other plates. From these results, an ideal plate
would be the one which combines low pressure drop feature of the cold plate 4C16S and
equal flow rate distribution feature of the cold plate 4C12S. Mass flow rate through inlet and
outlet is shown in figure 4.39. From figure mass flow rate is increasing from 4C8S to 5C16S.
Cold plate 4C16S geometry is enabling high mass flow with low power requirements. Using
cold plate 4C12S geometry we can achieve high battery efficiency with lower mass flow rate.
This conclusion also strengthens the claim made earlier about the ideal cold plate. Cold plate
5C16S need more pumping power and mass flow, at the same time this plate is showing
greater battery efficiency than other cold plates.
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Figure 4.38 (a) Pumping power (b) Pressure drop comparison
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Figure 4.39 (a) Inlet mass flow rate (b) Outlet mass flow rate comparison
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4.3 Battery and Cold Plate Performance under US 06 Load Cycle
So far four cold plates were evaluated using the constant discharge and charge load
cycle and we have seen the discussions on how design parameters affect cold plate efficiency.
Now, this section will have the discussions on the simulations made to evaluate cold plates
performance under US 06 load cycle. Deriving the US 06 load cycle and its significance has
been explained already in section 3.4. These simulations were made only to observe the cold
plates effect during the practical load cycle. These simulation results will be presented as
comparisons. US 06 load cycle current plot is shown in figure 4.40. From figure, It can be
noticed that the US 06 load cycle runs for 600 seconds, and every second the current drawn
out of a battery is different, and it is changing with respective to the vehicle speed.

Figure 4.40 US 06 load cycle current plot
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4.3.1 Temperature Comparison
This sub section will have the discussions regarding the comparisons of battery
temperature and uniformity using four cold plates and without a cold plate. Temperature
scenes of the battery are taken after 200, 400, 600 timesteps and the plate temperature scenes
are taken after the end of complete cycle as shown in figures 4.41 - 4.45. From figure 4.41,
battery temperature has increased to

C from an initial

C without a cold plate.

Increase in the battery temperature is higher during 200 - 400 seconds than 400- 600 seconds.
It is clear from figure that the battery temperature won't increase exponentially during
practical load cycle. From figures 4.42- 4.45 it can be observed that the battery temperature
has raised to

C,

C,

C,

C at the end of load cycle using the

cold plates 4C8S, 4C12S, 4C16S and 5C16S respectively. Clearly all cold plates are able to
keep the battery temperature within

C from initial temperature, which is the objective of

this study. Battery temperature after 400 seconds is higher than at the end of cycle, this result
also supports the heat generation with in a battery won't be exponential during the real time
driving conditions. Uniformity of the battery temperature has been checked by creating the
probes shown in figure 4.8. These plots are shown in figures 4.46-4.49. From figure 4.49,
5C16S is able to keep within

C variation. Unlike the constant discharge and charge load

cycle, ohmic heat generated within the tab connectors is pretty low. So there is no major heat
transfer from the connectors to battery, and it is one of the factors helping cold plate in
keeping the uniform temperature near tabs during this load cycle.
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Figure 4.41 Battery temperature scene without cold plate after (a) 200 (b) 400 (c) 600
timesteps
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Figure 4.42 Battery temperature scene with cold plate 4C8S after (a) 200 (b) 400 (c) 600
timesteps (d) Cold plate 4C8S temperature scene after 600 timesteps
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Figure 4.43 Battery temperature scene with cold plate 4C12S after (a) 200 (b) 400 (c) 600
timesteps (d) Cold plate 4C12S temperature scene after 600 timesteps
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Figure 4.44 Battery temperature scene with cold plate 4C16S after (a) 200 (b) 400 (c) 600
timesteps (d) Cold plate 4C16S temperature scene after 600 timesteps
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Figure 4.45 Battery temperature scene with cold plate 5C16S after (a) 200 (b) 400 (c) 600
timesteps (d) Cold plate 5C16S temperature scene after 600 timesteps
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Figure 4.46 Cold plate 4C8S temperature along all line probes

Figure 4.47 Cold plate 4C12S temperature along all line probes
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Figure 4.48 Cold plate 4C16S temperature along all line probes

Figure 4.49 Cold plate 5C16S temperature along all line probes
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4.3.2 Heat Transfer Comparison
Heat transfer from the battery to individual channels and cold plate to individual
channels is compared as shown in figure 4.50(a-b). From figure, channel-1 of the cold plates
is absorbing more heat than other channels, proving the fact that battery heat generation is
higher near the tabs[20,24]. Cold plates 5C16S channel- 1, in fact shown as the channels 1
and 1.1 in figure, is carrying higher heat than any other channel of all cold plates. Because of
channels - 1, other channels of 5C16S are absorbing less heat than the respective channels of
other cold plates. This results suggests that, high heat transfer can be achieved with high flow
rate even though cold plate has low flow area. Channel 1 and 4 of the cold plates are carrying
higher heat than channel 2 and 3 is because of the high flow and flow contact area. Heat
transfer through the flow area, land area and flow contact area of cold plates is shown in
figure 4.51(a). It can be noticed that the cold plate 5C16S is carrying out higher heat through
flow area as well as higher heat than any other cold plate. This phenomena can be observed in
figure 4.52(b) as well. Where heat gained by the cold plate is nothing but the heat transferred
from the battery to cold plate via land area and flow area. Heat carried by the fluid is the sum
of heat gained by coolant through flow area and the heat transferred to coolant from the cold
plate through flow contact area. Clearly the cold plate 5C16S geometry allowing the coolant
to carry almost all the heat gained by cold plate except 200 W, which remains with the cold
plate and increasing its temperature.
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Figure 4.50 Heat transfer to channels through (a) Flow area (b) Flow contact area
comparisons
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Figure 4.51 (a) Cold plate heat transfer comparisons (b) Het gained by cold plate and heat
carried out by fluid or coolant
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4.3.3 Voltage Comparisons
Voltage comparison plot is shown in figure 4.52. From figure, voltage of the battery
has dropped below the lower cut-off voltage after 550 seconds without a cold plate. Whereas
by using the cold plate battery never touched the lower or upper cut-off voltage. Average
operating voltage has increased highly by using the cold plate. It can be noticed that the
voltage gain is too low from cold plate to cold plate and that's the reason, the battery voltage
with cold plates has overlapped with each other. These results are clearly demonstrating the
advantages of using an efficient cooling system.

Figure 4.52 US 06 voltage comparison

CHAPTER 5 CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion
A conjugate electrochemical thermal model is developed in the Star CCM+ coupling
fluid model and battery model to analyze battery performance with the use of the cooling
scheme provided by the cold plate design. A number of different parallel flow cold plate
designs have been analyzed to meet the thermal management requirements of the battery
stack in an electric vehicle. This model can be reused for different batteries and various load
cycles by reloading appropriate .tbm and .prg files. A battery energy storage system is
designed for an electric vehicle and a practical load cycle is designed based on the US 06
load cycle driving speeds. A feasibility analysis on the storage system concludes that, it is
advantageous to use smaller batteries with low capacity than bigger batteries with high
capacity, while designing a large energy storage systems. Results showed effectiveness of the
cold plates design in maintaining uniform temperature distribution within an acceptable
range and hence sustain performance of the battery in terms of operating capacity. Using the
simulation results a number of different design parameters which control the pumping power
requirements and uniformity of battery temperature have been explained[34]. How the
contact area and flow rate effect the cold plate performance has been demonstrated by using
different flow channel geometries. Results shows that despite having low flow area, better
cooling effect can be achieved by high flow rate or flow velocity. Non symmetric cold plate
designs proved that, managing design parameters based on the heat generation will result in
better cooling effect. Testing the cold plates using practical load cycle showed that all cold
plates are capable of maintaining battery temperature within optimum limits as well as
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restricting the battery temperature variation under

. Cold plate 5C16S is showing slightly

greater performance.
5.2 Recommendations
This study evaluated different cold plate designs based on computer simulations. It
is recommended to fabricate these cold plates and evaluate their performance practically.
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